The availability of high-density panels of genetic polymorphisms has led to the discovery of extended regions of apparent autozygosity in the human genome. At the genotype level, these regions present as sizeable stretches, or 'runs', of homozygosity (ROH). Here, we investigated both the genomic and the geographic distribution of ROHs in a large European sample of individuals originating from 23 subpopulations. The genomic ROH distribution was found to be characterized by a pattern of highly significant non-uniformity that was virtually identical in all subpopulations studied. Some 77 chromosomal regions contained ROHs at considerable frequency, thereby forming 'ROH islands' that were not explicable by high linkage disequilibrium alone. At the geographic level, the number and cumulative length of ROHs followed a prominent South to North gradient in agreement with expectations from European population history. The individual ROH length, in contrast, showed only minor and unsystematic geographic variation. While our findings are thus consistent with a larger effective population size in Southern than in Northern Europe, combined with a higher historic population density and mobility, they also indicate that the patterns of meiotic recombination in humans must have been very similar throughout the continent. Extending previous reports of a strong correlation between geography and identity-by-state, our data show that the genomic identity-by-descent patterns of Europeans are also clinal. As a consequence, the planning, design and interpretation of ROH-based genetic studies must take sample origin into account in order for such studies to be sensible and valid.
INTRODUCTION
The availability of high-density panels of genetic polymorphisms has led to the recent discovery of extended regions of autozygosity in the human genome. At the genotype level, these regions present as sizeable stretches, or 'runs', of homozygosity (ROH) (1) . Increased levels of autozygosity have long been implicated as a cause of the higher prevalence of recessive diseases in small and isolated populations. Initially, ROH analysis was thus endorsed successfully as a means to map recessive diseases genes (2 -7), but ROHs may also be useful for disease gene identification under other genetic models (8, 9) , may be indicative of selective sweeps (10, 11) and should be interesting from a human population genetics point of view.
An abundance of ROHs was first demonstrated in Europeans using short tandem repeat markers (1) . Subsequent analyses of single nucleotide polymorphisms (SNPs) in large European, Asian and African samples revealed a wide-spread occurrence of ROHs comprising .1 Mb, but the same studies also highlighted population differences in terms of the cumulative ROH length and a positive correlation between ROH number and the population-specific level of consanguinity (12) (13) (14) . In addition, ROHs were found to preferentially occur in regions of decreased recombination activity. Wang et al. (15) observed a non-uniform distribution of ROHs on chromosome 22 in 11 population isolates. At a more localized level, McQuillan et al. (16) found that the cumulative ROH length per genome was larger in two isolated than in two nonisolate European populations, but no significant difference was seen between outbred populations from rural and urban areas of Scotland. These results suggested that prolonged isolation and a reduced population size may play a crucial role in the formation of ROHs, as would be predicted by population genetics theory. When focusing upon regions of low linkage disequilibrium (LD) in the genomes of North Americans of European descent, Nalls et al. (17) observed a 14% decrease in the frequency of ROHs and a 24% decrease in the cumulative ROH length per individual over a time-span of just one century, and suggested panmixia and an increased effective population size as the likely causes of these changes. (12,13,15,18 -20) . Here, we applied the widely used ROH definition implemented in PLINK (20) to a set of genomewide SNP data that formed the basis of comprehensive population genetic analyses before (21) . The data included quality-controlled genotypes, at 304 250 autosomal SNPs, of 2457 unrelated individuals originating from 23 sampling sites in Europe (henceforth termed 'subpopulations'; Table 1 ). We characterized both the genomic and the geographic distribution of SNP-defined ROHs in these individuals and sought for possible explanations of the observed ROH patterns.
Various definitions of ROHs have been proposed in the past

RESULTS
Genomic ROH distribution
Using the default ROH definition of PLINK (see Materials and Methods), the genome-wide median number of individuals for whom a given SNP was included in an ROH (henceforth termed 'ROH count per SNP') was found to be 17, with an inter-quartile range (IQR) of 7 -47 (corresponding to a median 'ROH frequency per SNP' of 0.7% of individuals, IQR: 0.3-1.9%). Most SNPs fell into an ROH at least once. Intriguingly, the genomic distribution of the ROH frequency per SNP deviated substantially from uniformity. Thus, ROHs were clearly abundant in particular genomic regions (Fig. 1) , the location of which was virtually identical in all subpopulations studied. This non-uniformity was highly significant when assessed by a x 2 goodness-of-fit test of the binned average ROH count per SNP in the overall sample (Table 2) . Considering genomic regions of ≥50 adjacent Given are the number of samples after data cleaning (21) , the geographical location of the sampling sites ('subpopulations'), the subpopulation-specific mean + SD of the weighted number of ROHs and of the median-weighted ROH length per individual. Figure 1 . Distribution of ROHs in European genomes. For each SNP, the ROH frequency per SNP in the overall sample is plotted at its physical location. ROHs that occurred in more than 50% of individuals were identified on chromosomes 3, 4 and 14 (Table 3) .
SNPs, a total of 10 regions could be identified in which all SNPs had an ROH frequency per SNP ≥30% in the European population (Table 3 ) and some 77 regions in which the ROH frequency per SNP exceeded 10% (see Supplementary Material, Table S1 ). At least two of these 'ROH islands' on chromosome 1 (at positions 48.8 -51.1 Mb, and 170.1 -171.7 Mb) appear to coincide with the ROH clusters previously identified in the Scottish population (16) , although no information as to the exact limits of the respective regions were reported. We also identified a very common ROH island on chromosome 4 that has been described for European samples before (12) . Notably, three ROH islands were found in our study to be present in more than 50% of individuals (Table 3) . These ROH islands were located on chromosomes 3, 4 and 14. We also noted that the lactase (LCT) gene on chromosome 2q21, known to have been subject to strong selection in Europe (22) , is located in an ROH island. ROHs appear to be a phenomenon predominantly of large chromosomes (Fig. 2) . Thus, the chromosome-wise median ROH frequency per SNP in the overall sample was strongly correlated with both the length of the chromosome (Spearman's r ¼ 0.915; P ¼ 2.6 × 10
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) and the number of SNPs on the chromosome (r ¼ 0.919; P ¼ 1.6 × 10
), but not with the chromosome-specific SNP density (r ¼ 0.097; P ¼ 0.666).
We next investigated whether the occurrence of ROHs was explicable in terms of reduced single-marker gene diversity and/or a heterozygote deficit relative to Hardy -Weinberg expectation. To this end, we performed a logistic regression analysis of the ROH frequency per SNP, using the gene diversity of the SNP and the local estimate of fixation index F as covariates. Logistic regression analysis was carried out separately for all but the three largest subpopulations (DE1, DE2 and NE), for which the computer memory requirements turned out to be prohibitive. In all 20 subpopulations considered, the contribution of the two covariates was highly significant (P , 10 2100 for most subpopulations), with decreasing gene diversity and increasing F resulting in an increased ROH frequency per SNP (Table 4) . However, when we assessed the ability of the regression models to predict the inclusion of a given SNP into an ROH, the ensuing area-under-curve (AUC) values were found to range from 0.53 to 0.56 in different subpopulations (Table 4) , which is in fact only marginally better than random classification (AUC ¼ 0.50).
The definition of an ROH does not only depend upon the properties of single markers but takes adjacent SNPs simultaneously into account. We therefore correlated the average single-marker gene diversity, taken over a sliding 1 Mb window, with the average ROH frequency per SNP in that window. Although an unambiguously negative correlation emerged (genome-wide Pearson's r ¼ 20.268 + 0.018; range of subpopulation-specific r-values: 20.230 to 20.293), the size of the observed correlation implied that gene diversity explains only 7% (coefficient of determination r 2 ¼ 0.072) of the variation in ROH frequency per SNP.
We also investigated the effects of LD upon the definition of ROHs. To this end, we correlated the average ROH frequency per SNP, taken over a sliding 1 Mb window, with the average of the squared genotypic correlation coefficient g 2 within this window. The average of the genome-wide subpopulationspecific Pearson correlation coefficients was 0.453 + 0.024, with a range of 0.382 (PG) to 0.503 (S2). Thus, 20% (i.e. 0.453 2 ¼ 0.205) of the variation in ROH frequency per SNP could be explained by the extent of LD in the vicinity of a given marker. A correlation between LD and ROH prevalence became particularly apparent for the three genomic regions (on chromosomes 3, 4 and 14) with the highest ROH frequency per SNP (Fig. 3) . However, increased LD in the vicinity of a given SNP was neither necessary nor sufficient for SNPs to be included in an ROH. (Table 1) . Similarly, the subpopulation average of the cumulative weighted ROH length per individual ranged from 49.7 Mb (SE: 2.3 Mb) in the Romanians to 81.5 Mb (SE: 2.2 Mb) in the Finns. Of the 2457 individuals analysed, 40 (1.6%) exhibited a cumulative weighted ROH length ≥100 Mb (3.3% of the human genome). These individuals originated from South Germany (10), North Germany and Norway (6 each), Italy I, Spain I, Finland and The Netherlands (3 each), Portugal (2), and from Austria, Denmark, the UK and former Yugoslavia (1 each). As a consequence, particularly high proportions of samples from Finland (6.4%), Norway (11.5%) and Portugal (12.5%) were found to have at least 100 Mb of their genome located in ROHs. Twelve individuals (0.5% of the total) had weighted ROHs comprising ≥150 Mb (i.e. 5% of the genome), while four individuals (0.2% of the total; originating from Denmark, North Germany and the UK) had weighted ROHs comprising ≥200 Mb (6.7% of the genome). In contrast, the subpopulation average of the median-weighted ROH length per individual was found to vary much less, ranging from 1.17 Mb in the Romanians (SE: 0.02 Mb) to 1.31 Mb in the North and South Germans (SE: 0.00 Mb), Norwegians and individuals from ex-Yugoslavia (SE: 0.01 Mb) ( Table 1 ; longitude: r ¼ 20.14, P ¼ 0.5). Nevertheless, since the Finnish are known to be genetically quite distinct from other Europeans, and because some of the Norwegian sampling sites included in our study (e.g. Førde) also may have represented genetic isolates, it remained possible that the above correlations hinged mainly on a few founder populations from the northern fringes of the continent. However, exclusion of the Finnish and/or Norwegian samples from our analysis hardly changed the observed correlation between weighted ROH number and latitude (without Given are the mean and the range of the ROH frequency per SNP in the overall sample, both taken over all SNPs in the respective region. ; without FI and NO: r ¼ 0.83, P ¼ 3.5 × 10
Geographical pattern of ROH distribution in Europe
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). Similarly, the correlation with longitude remained nonsignificant upon the exclusion of the two subpopulations, and the geographic distribution of the cumulative ROH length was found to be similarly robust. Furthermore, when those 40 individuals with a cumulative weighted ROH length ≥100 Mb were excluded from the analysis in order to avoid effects of recent cryptic inbreeding, the correlations also hardly changed (for the weighted ROH number: latitude r ¼ 0.86, P ¼ 1.8 × 10
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, longitude r ¼ 0.09, P ¼ 0.7; for the cumulative weighted ROH length: latitude r ¼ 0.69, P ¼ 2.6 × 10
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, longitude r ¼ 2 0.03, P ¼ 0.9). In contrast to the weighted number and the cumulative weighted length of ROHs, the subpopulation average of the median-weighted ROH length per individual showed only little and insignificant correlation with latitude (r ¼ 0.27, P ¼ 0.2; Fig. 4 ) and longitude (r ¼ 2 0.27; P ¼ 0.2). Finally, a systematic modification of the parameters used for ROH definition, in particular of the number of SNPs required per ROH, the minimum ROH length and the gap size allowed within ROHs, turned out to leave our results largely unchanged (data not shown). For spatial autocorrelation analysis, the great circle distances between sampling sites were classified into 200 km intervals, ranging from 0 to 1800 km. While between 3 and 49 subpopulation pairs fell into each class, the remaining 24 pairs that were .1800 km apart were combined into a single residual class. The subpopulation averages of both the weighted ROH number and the cumulative weighted ROH length per individual showed significant and positive spatial autocorrelation at small distances and significant but negative spatial autocorrelation at large distances ( Fig. 5A and B) . The subpopulation average of the median-weighted ROH length per individual showed a similar albeit non-significant trend (Fig. 5C) .
DISCUSSION
At the level of the individual genome, the distribution of SNP-defined ROHs was found in our study to be highly structured in all of the European subpopulations analysed. This structure could not be explained solely by reduced marker gene diversity or a localized heterozygote deficit. Although both factors likely contribute to the formation of ROHs, their impact was found to be small to moderate. This is not surprising given that the inference of ROHs is based upon features of multiple adjacent SNPs. As was demonstrated here, increased regional LD contributes significantly to the occurrence of ROHs but is not sufficient to explain their presence.
While some evidence for a non-uniform distribution of ROHs has been reported before, we were able to show that this deviation from uniformity is geographically ubiquitous and highly significant. Thus, while McQuillan et al. found some ROHs on chromosome 1 to be relatively frequent in the Scottish population (16), we observed that many of these ROHs are not specific to the Scots, but are instead common throughout Europe. However, the most prominent European ROH on chromosome 1, located at positions 35.0 -36.5 Mb, apparently occurred only once in the Scottish sample. Notably, we identified substantially more ROHs than Auton et al. (12) who observed only a single ROH in their European samples, located on chromosome 4 and overlapping with an ROH identified in our study as well. Moreover, in their entire collection of 3845 individuals of European, East Asian, South Asian and Mexican origin, the same authors identified only 39 different ROHs. In all likelihood, however, the apparent discrepancy in ROH number between their study and ours is attributable to a somewhat dissimilar ROH definition employed by the two projects which, among other parameters, differed in terms of the minimum allele frequency required and the type of inter-marker distance used (genetic or physical).
We have shown for the first time that both the number and the expanse of ROHs in individual human genomes, when weighted by the local level of LD, are strongly correlated with the latitude of the sample origin in Europe. This result corroborates earlier findings of a continent-wide decrease in human genetic diversity with increasing latitude (21, 23, 24) . It should be noted, however, that the earlier studies were based upon the identity-by-state of homologous chromosomes, not their identity-by-descent, and were therefore less specific to human genealogy than our in-depth analysis of ROHs. In any case, the consistently observed correlation in Europe between genetic structure and latitude, but not longitude, appears readily explicable in terms of human population history. Thus, all three major migration episodes in Europe are known to have followed a South to North gradient: (i) the initial occupation by hunter-gatherers during the Palaeolithic, (ii) the post-glacial re-expansion during the Mesolithic and (iii) the influx of farmers from the South-East during the Neolithic. Apart from clinal migration, however, a high level of autozygosity in Northern Europe could also have resulted from a lower historic population density and/or a lower level of individual mobility in this part of the continent, both of which would have favoured the formation of ROHs as well. Unfortunately, the geographic resolution of our data is not sufficient to allow any reliable discrimination between these alternative explanatory scenarios. However, because of their ubiquitous occurrence in Europe, it seems likely that at least the point in time when the common ROH islands identified in our study first arose must have predated the differentiation of the European subpopulations.
The intuitive appeal of the above conclusions notwithstanding, some local variation to the theme still seems obvious. It may be argued, for example, that both Portugal and Spain do not follow the generally observed South to North gradient of ROH density (Fig. 4A) which could, among others, reflect a recent influx from North Africa not present in other regions of the continent. Furthermore, the sparse resolution of our data also implies that the any inference about the fringes of Europe should be made with some caution (Fig. 4) . For example, the apparently reduced number and length of ROHs predicted for Eastern Europe and the North-West of the Iberian Peninsula may well represent interpolation artefacts because no sampling points of our study were located in these regions.
In contrast to both the number and cumulative length of ROHs, their average length and the location of 'ROH islands' were found to be remarkably similar in different subpopulations, suggesting that the latter must have been characterized by very similar genome-wide patterns of meiotic recombination. Our results also indicate that recent population growth (say 100-200 years ago) seems to have played only a minor role in shaping the genomic distribution of ROHs in Europeans, not the least because the variance-effective population size in Europe has grown much slower than the census size. Therefore, the recent observation of an apparently rapid decline in autozygosity among North Americans of mixed European descent (17) may be more likely to reflect the contribution of different European source populations migrating into the USA at different times, rather than progressing urbanization.
In view of the increasing interest in deep-sequencing and the shift in focus of genetic epidemiology from common to rare variants as a likely cause of human complex disease, a detailed understanding of the inheritance patterns prevalent in different European subpopulations will become increasingly important. One way in which rare variants can be inferred as potentially causative of disease would be through the homozygosity of patients from presumably outbred populations. However, the wide-spread occurrence of ROHs in contemporary Europeans requires such evaluations to be made in comparison to healthy controls, and our data highlight that at least some matching for geographic origin will be required for future ROH-based genetic studies to be both sensible and valid.
MATERIALS AND METHODS
SNP genotyping
The genome-wide SNP data used in the present study have been described in detail elsewhere (21) . In brief, 2514 individuals from 23 different sampling sites in Europe were originally genotyped for 500 568 SNPs, using the GeneChip Human Mapping 500 k Array Set (Affymetrix). The samples were either population-based controls (25) (26) (27) (28) (29) , originated from population-representative cohorts (30) , or were randomly selected healthy volunteers (often blood donors). European migrants from non-European regions were not included in the analysis. Stringent quality control served to ensure the non-relatedness of individuals and the representativeness of samples for the respective sampling sites (i.e. 'genetic outliers' were removed prior to the analysis). SNPs were required to be autosomal, to be polymorphic in at least one subpopulation, to lack any significant deviation from Hardy -Weinberg equilibrium (P ≥ 0.05) in all subpopulations, to have a call-rate .90% in all six genotyping centres involved and to possess an rs number. These criteria left 2457 individuals (97.6%) and 304 250 SNPs (60.8%) for the analysis.
ROH definition
We employed the default ROH definition of PLINK v1.06 (20) (i.e. ROH length ≥1 Mb, ≥100 SNPs per ROH, ≥1 SNP per 50 kb within ROHs and a gap size ≤1 Mb within ROHs). ROH screening was carried out adopting the default window options (i.e. a 5 Mb window, ≥50 SNPs per window, at most one of which was heterozygous, ≤5 missing SNPs and a proportion of overlapping windows that must be homozygous ≥0.05). To adjust for the effects of LD upon ROH definition, previously suggested measures (16) of the extent of ROHs in the human genome, namely their number, cumulative length and median length per individuals, were weighted by one minus the average squared genotypic correlation coefficient g 2 , taken over all marker pairs within the ROH (see below).
Statistical analysis of the genomic ROH distribution
The genomic distribution of ROHs was analysed statistically as follows. Each chromosome was divided into bins of given size. Bins were only included into the analysis if they contained at least one SNP, which implied the exclusion of centromeric regions. The distribution of the mean ROH count per SNP per bin was then tested for uniformity using a x 2 goodness-of-fit test with a number of degrees of freedom equal to the number of bins minus one. Spearman's correlation coefficient was used to quantify the impact of chromosome length, SNP number and SNP density (i.e. average intermarker distance) per chromosome upon the chromosome-wise average of the ROH frequency per SNP. Correlation coefficients were calculated and tested for a significant difference from zero using the cor and cor.test functions in R v2.10.1 (31), respectively.
'ROH islands' were identified as runs of adjacent SNPs with an ROH frequency per SNP above a given threshold. The potential impact upon ROH formation of single-marker gene diversity and local heterozygous deficit relative to HardyWeinberg expectation, measured by the F statistic, was assessed by logistic regression analysis. To this end, the ROH frequency per SNP was modelled as a logistic function of both covariates. Regression analyses were carried out separately for each subpopulation. A receiver-operator-characteristic curve was using 100 equidistant values of the ROH frequency per SNP, and the corresponding AUC was determined by linear interpolation.
The correlation between gene diversity and ROH frequency per SNP was further analysed using averages of these values taken over a sliding window of 1 Mb, moved along chromosomes in steps of 250 kb. Pearson's correlation coefficients between averages were calculated separately for each subpopulation.
Since gametic phase information was lacking in our data set, pair-wise LD was approximated by the squared genotypic correlation coefficient g 2 , rather than the squared allelic correlation coefficient r 2 , and estimated using PLINK v1.06 (20) with the -r 2 option. We considered only pairs of markers that were no further apart than 1 Mb and were separated by no more than 100 SNPs. The correlation between LD and ROH frequency per SNP was analysed using average values taken over a sliding window of 1 Mb, moved along chromosomes in steps of 250 kb. Pearson's correlation coefficients were again calculated separately for each subpopulation.
Statistical analysis of the geographic ROH distribution R software v2.92 (31) was used for statistical analysis and for creating graphs. The akima R package v0.5-2 (32) was used for gridded bivariate cubic interpolation using splines (33) . The significance of the correlation of certain ROH characteristics with either longitude or latitude was assessed by a twosided test at the 5% level, as implemented in the cor.test function of the R stats library. Data on European geographic boundaries were obtained from http://www.oceanteacher.org/. Graphs were edited with Adobe Illustrator CS2. Spatial autocorrelation was analysed and correlograms were generated using PASSAGE v1.1 (34) .
